Deep mixed column (DMC) is known as one of the effective methods for stabilizing the natural earth beneath road or railway embankments to control stability and settlements under traffic loads. The load distribution mechanism of embankment overlying on loose subgrades stabilized with DMCs considerably depends on the columns' mechanical and geometrical specifications. The present study uses the laboratory investigation to understand the behavior of embankments lying on loose sandy subgrade in three different conditions: (1) subgrade without reinforcement, (2) subgrade reinforced with DMCs in a triangular pattern and horizontal plan, and (3) subgrade reinforced with DMCs in a square pattern and horizontal plan. For this purpose, by adopting the scale factor of 1:10, a reference embankment with 20 cm height, 250 cm length, and 93% maximum dry density achieved in standard Proctor compaction test was constructed over a 70 cm thick loose sandy bed with the relative density of 50% in a loading chamber, and its load-displacement behavior was evaluated until the failure occurred. In the next two tests, DMCs (with 10 cm diameter, 40 cm length, and 25 cm center-to-center spacing) were placed in groups in two different patterns (square and triangular) in the same sandy bed beneath the embankment and, consequently, the embankments were constructed over the reinforced subgrades and gradually loaded until the failure happened. In all the three tests, the load-displacement behaviors of the embankment and the selected DMCs were instrumented for monitoring purpose. The obtained results implied 64% increase in failure load and 40% decrease in embankment crest settlement when using the square pattern of DMCs compared with those of the reference embankment, while these values were 63% and 12%, respectively, for DMCs in triangular pattern. This confirmed generally better performance of DMCs with a triangular pattern.
Introduction
Subgrade plays an important role in the safety and reliable performance of railway tracks. Since the railway routes over problematic subgrades, including soft, loose, expansive, and collapsible soils that have a potential for excessive settlement under vertical loads and mobilize low bearing capacity (Puppala et al., 2008) , are inevitable in practical cases, it is essential to select an effective soil improvement method. On the other hand, special attention should be paid to the railway embankment overlying on such problematic beds.
Based on Selig and Waters (1994) , the possible failure modes of railway embankment can be categorized into: (1) consolidation and massive shear failure, (2) progressive shear failure, (3) excessive plastic deformation, (4) excessive swelling and shrinkage, and (5) frost heave and thaw softening of subgrade.
Among the above-mentioned failure modes, massive and progressive shear failures usually occur due to the passage of trains with heavy axle loads, embankment saturation by rainfall, and specifically the low bearing capacity of track subgrade (Selig and Waters, 1994) .
Among the problematic soils with the inherent potential for the occurrence of the above-mentioned failure modes, loose sandy soils are of a special focus for Iran railway network. For instance, the main portion of SirjaneBandar Abbas railway track, especially at 1133 km close to the Abade-Sirjan route, which is approximately located in the south of Iran, has been rested on loose sandy soils and suffers from high settlement under railway cumulative loads.
Among the available methods of subgrade improvement, deep mixed column (DMC) can be regarded as one of the techniques with considerable efficiency in decreasing settlements and increasing the bearing capacity of railway embankments (U.S. Department of Transportation, 2000; Moseley and Kirsch, 2004) . One of the remarkable advantages of this method is its applicability to operating railway tracks without any need to track closure (Innotrack, 2009; Le Kouby et al., 2010) .
Generally, DMCs can be performed in single, compounded, panel, or grid forms based on site-specific conditions, load transfer mechanism, settlement limitations, stability analysis, and execution costs (Moseley and Kirsch, 2004; Puppala et al., 2008) . Typically, square and triangular patterns are used in the stabilization of road and railway embankments to reduce the settlement and improve the stability (Moseley and Kirsch, 2004) .
Many field studies have been conducted by researchers to investigate the effectiveness of DMCs in improving the existing railway networks. For instance, Raju et al. (2003) proposed a dry deep soil mixing method for stabilizing more than 800 m electrified double track railway line between Rawang and Ipoh in Malaysia. In their study, the railway line included the embankments with various heights of 1.5e3 m overlying on soft soil. During the test, they investigated the amount of settlement reduction to increase shear strength and bearing capacity. Olsson et al. (2009) used limecement columns to reduce the settlements and improve the stability conditions of high-speed railway lines and a part of motorway embankments constructed over soft high-plastic clay formations. Le Kouby et al. (2010) conducted a field study on the feasibility of reinforcing high-speed railway subgrades in northern France (without contaminating ballast layer and blocking tracks). They used soil-cemented columns and concluded that it is possible to reinforce an existing track without its removal. Liu et al. (2012) examined the performance of a new T-shaped DMC compared with that of conventional columns through numerous field tests, and considered quality control and in-situ plate loading test parameters for both column types. Based on Kitazume and Terashi (2013) , 4300 deep mixing projects on land were constructed in Japan, which were mainly associated with embankment construction, embankment stability, settlement reduction, and impact reduction of the embankment construction to the nearby structures. Among the mentioned work, they selected 3 projects with the purposes of settlement reduction, embankment stability control, and improvement of bearing capacity.
An overview of the technical literature on the application of DMCs reveals no laboratory studies have been performed for assessing the effect of DMC patterns on stabilization of road or railway embankment resting on loose subgrades. Therefore, the current study aims to investigate the effect of the performance of square and triangular patterns on reducing the settlement and increasing the bearing capacity of embankments overlying on loose sandy subgrade. For this purpose, using the obtained results (Esmaeili et al., 2014) , the auger with 6 blades and water-to-cement ratio of 1 in cement grout were considered for constructing DMCs. Then, three 1:10 scaled embankment models were constructed in a loading chamber and were loaded until failure. It should be noted that the adopted scaling factor was based on the limitation in the dimensions of loading chamber. In the first model, the embankment with 20 cm height, 250 cm length, and 93% maximum dry density, achieved in standard Proctor compaction test, was constructed over 70 cm thick loose sandy subgrade with the relative density of 50%. In the other two models, the loose sandy subgrade was stabilized with DMCs (with 10 cm diameter, 40 cm length, and 25 cm center-to-center spacing) in triangular and square patterns, respectively. Then, after 28 days, the embankment was constructed over the stabilized subgrades of the second and third models. All the three models were instrumented and, consequently, the load-displacement behaviors of the embankments and their failure modes were evaluated by applying the vertical spread loading over the embankments' crests.
Laboratory test procedure and behaviors of materials used
In this section, the conducted laboratory tests for evaluation of the DMC performance in stabilizing the loose sand are described. Moreover, the material properties of subgrade, embankment, and DMCs are presented. The whole process of the laboratory tests is summarized in Fig. 1. 
Properties of subgrade material
A uniformly graded sand SP with the particle size of 0.4e1 mm (Fig. 2 ) and relative density of 50% was selected for the subgrade construction. In order to determine the physical and mechanical properties of the selected sand, many laboratory tests such as sieve analysis and specific gravity were performed according to ASTM D422-63 (2007) and ASTM D854 (2010), respectively. Moreover, the shear stress parameters of sand were obtained using direct shear test based on ASTM D3080 (2006) methodology. The maximum and minimum dry densities of sand were measured respectively according to ASTM D4253 (2006) and ASTM D4254 (2006) . It should be noted that, in order to achieve 50% relative density of sand, a 12 kg laboratory roller was passed 6 times over the sand layers with 5 cm thickness. Elastic modulus of sand with 50% relative density was separately measured using plate loading test conducted according to ASTM D1194 (2003) in the loading chamber. Table 1 shows the properties of the selected sand for laboratory tests.
Properties of embankment material
The clayey sand SC material was specified as embankment soil with particle size distribution curve presented in Fig. 3 . In the laboratory condition, various tests were carried out on the embankment material, i.e. sieve analysis and specific gravity, respectively, based on ASTM D422-63 (2007) and ASTM D854 (2010) . Moreover, the shear strength parameters of SC soil were obtained by direct shear test (ASTM D3080, 2006) . The maximum dry density and optimum water content were obtained by standard Proctor compaction test (ASTM D698, 2011) and the in-place soil density in the laboratory environment was assessed using sand cone apparatus according to ASTM D1556 (2007). In the same manner as the subgrade soil, the elastic modulus of SC soil of embankment in 93% maximum Proctor dry density condition was individually measured by plate loading test (ASTM D1194, 2003 in the loading chamber. It should be noted that, to achieve the mentioned dry density of the embankment soil, a 50 kg laboratory roller was passed 7 times over the layers with 10 cm thickness. Table 2 shows the physical and mechanical properties of the embankment soil.
Selection of auger type and water-to-cement ratio in cement grout
In order to execute the DMCs in the sand subgrade, the auger type and water-to-cement ratio of cement grout were chosen based Sieve size (mm) Percentage passing (%) Fig. 3 . Particle size distribution curve of SC soil of embankment. on the pervious study by Esmaeili et al. (2014) . In this regard, they manufactured a DMC device in the laboratory scale and examined the performance of DMCs in an SP soil by selecting two types of augers with 4 and 6 blades and three different water-to-cement ratios of 0.8, 1, and 1.3. In order to determine the best auger blade and water-to-cement ratio, a number of unconfined compression tests were conducted on the manufactured cylindrical columns. By investigating the achieved results in this test, the auger with 6 blades and cement grout with water-to-cement ratio of 1 showed the best performance. Consequently, in the present study, the auger with 6 blades and water-to-cement ratio of 1 were considered for the laboratory tests.
Scaling laws
In order to establish a physical model in the loading chamber, scaling laws should be properly followed and implemented. In this study, an embankment of single route railway with 200 cm height and 1:1.5 (vertical: horizontal) aside slope was scaled down in the loading chamber considering UIC719-R (1994) specifications. Because of the limitation in the dimensions of loading chamber, the scale factor of 1:10 was selected for the laboratory dimensions and, consequently, the thickness of 70 cm of loose sand was adopted as subgrade to be constructed in the loading chamber and an embankment with 20 cm height and 40 cm embankment crest was constructed over the subgrade. In the case of using DMCs for loose sand stabilization, the prototype column dimensions were adopted, i.e. 60 cm diameter and 400 cm length. Column spacing was selected 2.5 times of the column diameter, equal to 150 cm from center to center (Moseley and Kirsch, 2004; Huang et al., 2006; Liu et al., 2012) . By adopting the scaling laws proposed by Wood (2004) , the length L and the axial stiffness AE/L of the columns were scaled by 1/N and 1/N a , respectively, where N ¼ 10 in the present study and a ¼ 0.5 based on Wood (2004) . A summary of the model and prototype specifications is presented in Table 3 .
It should be mentioned that the maximum DMC height in the laboratory scale was considered to be equal to 40 cm in order to prevent any stress concentration over the chamber base. Nonetheless, practical limitations in the power of motor for drilling auger and its associated problems in reverse rotation for mixing the sand and cement grout did not make it possible for the construction of DMCs with lengths more than 40 cm.
Experimental setup
In this section, three laboratory models were constructed in order to conduct the loading test on the railway embankment. The first model consisted of the embankment of 20 cm height, 250 cm length, and 93% maximum dry density, achieved in standard Proctor compaction test, overlying on loose sand with 70 cm thick and 50% relative density. The second and third models had the same specifications and dimensions, while their sandy bed layers were stabilized by DMCs in either triangular or square pattern.
Construction of the experimental models
For all the three laboratory models, at the first stage, sandy subgrade was mixed with colorful powder and compacted in 5 cm each layer until the thickness reached up to 70 cm in the loading chamber with 250 cm Â 250 cm Â 200 cm dimensions. At the next stage, embankment was constructed in two layers with 10 cm thickness and 11% optimum water content, and then a 50 kg laboratory roller was used to obtain 93% maximum dry density regarding the values obtained from standard Proctor compaction test. Fig. 4 shows the configuration of the first model after preparation. 
Drilling the DMCs
Two different patterns (triangular and square) of DMCs were used in the second and third models, respectively. After constructing the sandy subgrade in the loading chamber, the precise location of the columns was determined by chalk (Fig. 5) ; then, the drilling device of DMC was located in the right place and the auger was rotated clockwise with a constant speed of 58 rpm and penetrated into the soil, whereas air with 0.5 bar pressure was injected in order to prevent the nuzzle blockage. After achieving the desired depth, during the withdrawal, the auger was rotated Fig. 7 . Extension of the sliding surface from the embankment body to loose sandy subgrade. Fig. 8 . Load-displacement diagrams of the embankment crest for all the three models.
anticlockwise with the same speed and the grout was injected at this time. All the columns in each pattern were constructed in 3 days and, after 28 days, the embankment part was placed over the stabilized bed in the second and third laboratory models. In the second model, according to Fig. 6a , 38 DMCs in total were installed in 5 rows in the triangle pattern beneath the embankment. On the other hand, in the third model, considering Fig. 6b , 40 DMCs were installed in 5 rows in the square pattern beneath the embankment. Fig. 6c shows the cross-section of the laboratory models including the geometrical dimensions.
Instrumentation of the models
All the laboratory models were instrumented using 3 displacement transducers of CDP100 type to measure the settlement of embankment crest and uplift of the subgrade on both sides of the embankment. Fig. 4 shows the exact location of LVDTs in all the laboratory models. Moreover, for evaluating the distributed load over DMCs by applying load at the embankment crest, 6 load cells of SM600 type (Sewhacnm Co.) in both triangular and square patterns were mounted on the columns' head with 20 kN capacity before the construction of embankment layers. Fig. 6a and b illustrates the location of the installed load cells at the columns' head. In addition, loading process at the top of the embankment was conducted using a hydraulic jack with 300 kN capacity. Finally, LVDTs and load cells were connected to a data logger, Model TMR211 (Tokyo Sokki Kenkyujo Co., 2011), for recording the test data.
Results and discussion
In this section, the obtained results for all the three models are illustrated in two separate parts including load-displacement curves and load distribution pattern over the DMCs. 
Load-displacement results
After the completion of the construction and instrument phases in all the three laboratory models, the vertical load was applied by a hydraulic jack and uniformly distributed over the embankment crest using a steel profile (see Fig. 4 ). The loading steps were set to 2.5 kN in all the three tests and the loading was gradually increased until a sudden drop was observed in the analog loading gage, which represented the failure of embankment. Utilizing the color powder in sandy bed layers evidently showed the slip line in the embankment and its extension path through the bed layers, as illustrated in Fig. 7 . Results of load-displacement curves for the embankment crest are presented for all the three models in Fig. 8 . Usually, two loaddisplacement curves can occur during the embankment failure in the conducted laboratory tests: (1) the load increases gradually with displacement and at failure, it remains constant while the displacement increases continuously, and (2) the load increases gradually with displacement and it reaches a peak point and thereafter reduces while the displacement increases. As shown in Fig. 8 , the loaddisplacement curves of models with square and triangle patterns of DMCs are compatible with the first option, while that of the model without column follows the second option. From practical perspective, the difference in these behaviors confirms the DMCs performance in upgrading the loose sandy soil, i.e. the existence of the columns in sandy soils increased the load carrying capacity, and experienced more settlement. The load-displacement curves for the right side of the embankment on subgrade for all the three models are shown in Fig. 9 . In this figure, on both sides of the embankment, heave occurred in all the three models when only a half of the failure load was applied. The observed heave upon both sides of the embankment proved the extension of the slip line in the loose sandy bed. The heave displacements were shown in the positive vertical axis, while the downward displacements appeared in the negative axis. A summary of the failure loads and the corresponding displacement at the embankment crest is presented in Table 4 . It should be emphasized that, as the loading was applied over the embankment crest in a uniform pattern and the ratio of embankment length to embankment width was considerable, around 250/26 z 10, the plane strain condition dominated the problem and it can be claimed that the chamber boundaries have a minor effect on the obtained results. As shown in this table, the presence of columns in the sandy bed in triangular and square forms raised the failure load up to 63%, compared with that of model 1, which had no reinforcing DMCs. On the other hand, it can be observed that the presence of columns in models 2 and 3 decreased the embankment settlement at the failure load by nearly 12% and 40%, respectively, in the specific load of 100 kN for all the models. This confirmed the better performance of DMCs with square patterns in controlling the embankment settlement. The better performance of the square pattern compared to that of the triangular pattern could be related to DMCs area replacement concept. Looking at Fig. 6a and b , it is shown that in both arrangements, the embankment dimension in plan is the same observed that the area replacement ratio for square pattern is equal to (0.314/2.75) Â 100% ¼ 11.42%, while this value is (0.298/ 2.75) Â 100% ¼ 10.8% for triangular pattern. The difference in these ratios shows a better performance of square pattern.
Load distribution on DMCs
From the practical point of view, it is essential for a designer to know how much the load applied to embankment crest is transmitted to DMCs in a group form. For this reason, six load cells were installed on the DMCs' head, and the location can be seen in Fig. 6 . By applying the vertical load to the embankment crest in an incremental manner, the load transferred to the DMCs was recorded by load cells. The obtained load in both triangular and square patterns is illustrated in Figs. 10 and 11, respectively. Since the constructed embankment did not act like a rigid structure, the uniform load applied over its crest could not be uniformly distributed among all the columns. Therefore, the received load to the load cells decreased intensively with the increasing distance from the source of the applied load. Fig. 10 shows the amount of load received by load cells in the triangular pattern. As can be seen in this figure, the load cells which had the same location regarding the embankment center line tolerated the same value of vertical load, and the maximum load for each load cell in the center columns was about 13.5 kN; whilst this value was about 0.4 kN and 0.2 kN for mid and side columns, respectively. The evaluation of the contribution of each column in terms of receiving a special load is presented in Table 5 . The ratios calculated in this table indicate that center, mid, and side columns in the triangular pattern could bear 51.6%, 1.35%, and 0.8% of total failure load, respectively, and the rest of the failure load was transferred from embankment to sandy subgrade soil. Fig. 11aec demonstrates that a similar condition occurred for the DMCs in square pattern. Overall, it can be concluded that, except the acceptable minor differences between the number of DMCs in two patterns, their behavior in terms of tolerating the vertical load was very similar; but, as stated before, the performance of the square pattern in reducing the embankment settlement was better than that of the triangular one. Under relatively heavy load acting on the center columns, their penetration into the sandy bed was expectable, while the mid and side columns tended to be inclined by around 5 with respect to the vertical direction, as shown in Fig. 12 . This inclination confirms the resistance of mid and side columns to extending the sliding surface of the embankment to the lateral sides and into the subgrade. Moreover, the mentioned deformation form of the mid and side columns without any breakage observed in them confirms the enough capacity of columns in carrying the transferred loads. It should be mentioned that the degree of inclination in the side columns was measured using image processing technique.
Concluding remarks
In the present study, the performance of DMCs in increasing bearing capacity and decreasing embankment settlement overlying on loose sandy soils was investigated by laboratory tests. For this purpose, based on the previous study (Esmaeili et al., 2014) , the optimum water-to-cement ratio of 1 for cement grout and auger with 6 blades were considered for the execution of DMCs in the laboratory experiments. Then, three models of embankment overlying on loose sandy subgrade without DMCs and also two other models with the beds stabilized by triangular and square patterns were constructed. Finally, by applying vertical load to the embankment crest, their load-displacement behavior was evaluated and compared. The major findings of the fulfilled study can be summarized as follows:
(1) Comparing the obtained failure loads for models 2 and 3 (with respect to DMCs in triangular and square patterns) showed that the DMC patterns had a minor effect in this regard. (2) DMCs in triangle and square patterns in the reinforced models were able to increase the bearing capacity of the embankment by 63% and 63.7%, respectively, compared with that of the model without column. (3) Based on the tolerated load by center, mid, and side columns in both triangle and square patterns, it can be concluded that center columns were responsible for tolerating vertical load and decreasing the settlement, while the columns placed at the mid and side points were responsible for the horizontal load and avoiding soil sliding. (4) Investigating the observed values of the vertical loads transferred to the load cells which were installed above DMCs beneath the embankment proved that, in both triangular and square DMC patterns, more than 50% of the applied load to the embankment crest was transferred to the columns and its remainder was tolerated by the body of embankment and sandy bed. Meanwhile, the role of central columns was more significant than that of the mid and side columns in terms of carrying the applied load.
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